Subject Despite its extensive application in the furniture manufacturing industry throughout the South East Asian region, the machine-planing characteristics of rubberwood (Hevea brasiliensis) are not completely understood. In an effort to optimize the process, a series of experiments were undertaken using a Weinig 22A Unimat moulder (cutterhead rpm of 6000, cutter Ø 120 mm) to produce machined rubberwood surfaces with differing pitch lengths ranging from 0.8 mm to 1.5 mm, by altering the feed speed. The results showed that surfaces with a pitch length of cutter marks of 1.2 mm or more and a high knife rake angle were more prone to manifest machining defects, such as torn grain. This study shows that for machine planing of rubberwood the recommended cutter marks pitch length of 1.2 mm, achieved with a knife rake angle of 20
Introduction
Rubberwood (Hevea brasiliensis) is the most important raw material for the furniture manufacturing industry throughout South East Asia, and yet, published information on its machining characteristics is relatively sparse (Ratnasingam et al. 1997) . The machine-planing process of rubberwood is plagued with low yield, often as low as 65%, due to J. Ratnasingam (u) Faculty of Forestry, Universiti Putra Malaysia, 43400 UPM, Serdang, Selangor, Malaysia e-mail: jswaran@forr.upm.edu.my F. Scholz Faculty of Wood Technology, Fachhochschule Rosenheim, Hochschulstraße 1, 83024 Rosenheim, Germany the high incidence of machining defects (Hong and Sim 1994, Ratnasingam 2004) . Although the number of cutter marks per inch or the pitch length between successive cutter marks is the most common measure of machine-planed surface quality, there is no acceptable standard on the optimum number of cutter marks for furniture application (Ratnasingam et al. 1999) . Cutter marks per inch ranging from 16 to 30 (or pitch length between successive cutter marks of 0.83 mm to 1.56 mm) currently practiced in the South East Asian furniture industry are, however, thought to have a strong influence on processing yield of the material (Ratnasingam and Tanaka 2002) . Therefore, the objective of this study was to establish the optimal number of cutter marks in order to minimize the resulting machining defect, and also to characterize the machining defects prevalent during the machining of rubberwood.
Materials and methods
Solid rubberwood planks of 30 mm × 150 mm × 1500 mm in size, a moisture content of 12 ± 2% and with the grain orientation along the main axis of the specimen (parallel) were obtained from a local supplier in Malaysia. The machining experiments were carried out using a single cutter-block of a WEINIG UNIMAT 22A moulder. The cutter-block with a diameter of 120 mm and with four cutting edges rotated at 6000 revolutions per minute (RPM). The feed speeds used were 19.2 m/min, 24.0 m/min, 28.8 m/min, 33.6 m/min and 36 m/min, producing pitch lengths of cutter marks of 0.8 mm, 1.0 mm, 1.2 mm, 1.4 mm and 1.5 mm, respectively. The knife rake angles used were 15
• C, 20
• C and 25
• C, with a constant 15
• C clearance angle and a depth of cut of 1.5 mm. For each experiment a total of 25 planks were used.
The machined surface quality assessment was on the basis of percent defect-free surface, and the types and severity of the defects were recorded as described in ASTM D-1666 (87) (1999) and the Wood Handbook (1999). The resultant surface roughness, expressed as maximum roughness index (R max ) in microns (µm), of the sample boards were measured using the stylus method as described in Hiziroglu (1996) . Measurements in six different randomly selected spots of the surface from each plank were averaged.
Results and discussion
The results from the study are presented in two parts.
Effect of feed rate on surface quality
There was a corresponding deterioration in machined surface quality with increasing feed rate. The increasing pitch length between successive cutter marks increased the resultant surface roughness as well as the incidence of machining defects similar to the ones reported by Hernández et al. (2001) . This increased surface roughness has been attributed to the increased surface undulations arising from the proportional increase in mean peak to valley height on the cutter marks on the machine planed surface (Peter and Cumming 1970, Lavery et al. 1995) . The results suggest that for machine-planing of Rubberwood the recommended minimum number of cutter marks per inch is 20, which provides the optimum yield of defect-free surface (Table 1) .
Effect of Rake Angle on Surface Quality
The proportion of defect-free samples increased as the knife rake angle decreased from 25
• C to 15
• C (Fig. 1) . Furthermore, as the pitch length of the cutter marks increased beyond 1.2 mm, an apparent increase in the manifestation of Fig. 1 Effect of knife rake angle on surface quality Abb. 1 Einfluss des Spanwinkels auf die Oberflächenqualität machining defects, particularly fuzzy grain and raised grain, even at the rake angle of 15
• C was observed. The rake angle influences the formation of chip types during the wood machining process (Koch 1964) , and Type III chips occurring at low rake angles are often associated with defects, such as fuzzy grain and raised grain (Franz 1958) . The transition between Type II and Type III chips seems to happen between 20
• C and 15
• C rake angles. The 20
• C rake angle reduces the incidence of the defect torn grain due to the increased formation of Type II chips, which arises when the wood fails ahead of the knife in parallel compression and shear (Franz 1958) .
Conclusions
The machine planing process of Rubberwood was optimized when the machined surface had at least 20 cutter marks per inch, achieved by using a knife rake angle of 20
• . This recommendation will increase the processing yield and the resultant surface quality in machine-planing processes in the Rubberwood furniture manufacturing industry throughout South East Asia.
